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This report was prepared as an account of work
sponsored by the United States Government. Neither
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A direct-contact (pistonless) work exchanger concept 
analyzed parametrioally to determine its economic potential as
an alternative to the hydraulic turbine for recovery of flow
work from high pressure brine streams discharged by reverse
osmosis (RO) plants. The break-even unit electric energy cost
at whioh the work exchanger begins to give a net reduction in
unit water cost ranges from about 0.4 C/Kw-hr for a 1.3 MGD RO
seawater plant with 1500 psig module inlet pressure, concentra-
tion ratio of 2, and brine flow rate of i000 gpm to about 5.8
C/Kw-hr for a 0.05 MGD RO brackish water plant with 500 psig
inlet pressure, concentration ratio of 5, and brine flow rate
of 10 gpm. The results indicate that the direct-contact work
exchangers would have their best application in large seawater
RO plants operating at high pressure and low concentration ratio.
Because of the pressure drops in the RO module and in the work
exchanger, a booster pump is required as part of the work ex-
changer system. An approximate installed capita~ cost compari-
son between work exchanger systems and hydraulic turbine sys-
tems indicates that for brine flows below about 100 gpm the
costs are likely to be approximately equivalent, and for brine
flows above i00 gpm the work exchauger systems are likely to be
more expensive than hydraulic turbine systems. Even allowing
for the approximate nature of this comparison, further R&D
efforts on direct-contact work exchangers for the RO application
do not appear to be warranted.
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I. _SUMMARY

The recovery of energy from the waste brine stream of a
reverse osmosis (RO) desalination plant can be used to reduce
the plant specific energy requirement. Energy recovery may be
accomplished by use of a hydraulic turbine or by use of a work
exchanger in which the brine stream energy is directly transferred
to a portion of the feedwater stream. The brine stream from RO
plants operating at concentration ratios below 2 may contain up
to 50 percent of uhe energy imparted to the feed stream by the
high pressure pump, whereas for plants operating at high concen-
tration ratios the brine stream may contain as little as 5 per-
cent of the input energy. Whatever the relation between the brine
stream energy content and the input energy, most of the brine
stream energy content can be recovered by. the use of a work ex-
changer or a hydraulic turbine.

This study provides a parametric analysis of direct
contact work exchangers. In this type of exchanger a tube
with valves at each end is cyclically filled with brine and
feedwater, the high pressure brine being used in one part
of the cycle to push a charge of feedwater from the tube
into an intermediate pressure RO intake line. In the next
part of the cycle the waste brine in the tube is pushed out
into the discharge line by incoming low-pressure feedwater.
Two tubes operating ~ut-of-phase provide for almost contin-
uous flows ot brine and feedwater. Because of pressure
drops in the RO module and in the work exchanger a booster
pump is needed to provide a differential head between the
exchanger feedwater output and the RO module input.

The physical system analysis begins with considera-
tion of the fluid mixing effect. The direct contact of the
brine and the feedwater results in some mixing at the in-
terface between the two fluids. Because of the short con-
tact time mixing by diffusion is minimal, the primary basis
for mixing being the turbulent flow velocity gradient.
Parameters which significantly affect the effect of mixing
on the exchanger output of feedwater are the concentration
ratio and the valve cut-off ratio, the latter being a
parameter which relates the valve timing to the mixing zone
length. The analysis indicates that the velocity gradient
mixing effect is independent cf tube diameter and tube
length.
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In the physical system analysis equations ar~ also
developed for the efficiency of flow work transfe~ and
the RO product water specific energy requirement, with ~
with~ut the use of a work exchangem. The efficiency is de-
fined as the specific energy content’of the feedwater de-
livered by the exchanger divided by the specific energy
content of the brine entering the exchanger.

In the economic analysis equations are developed for
installed capital cost, annualized capital cost, operating
and maintenance cost, and the cost differential for the RO
product water resulting from the use of a work exchanger.
The installed capital cost includes the cost of the ex-
changer equipment and the revised pumping equipment.

In the parametric analysis a computer program was
written to solve the sets of physical system and economic
equations. Parameter ranges used included

Brine flow rate

RO module inlet
pressure

Concentratic~ .. i ....
ratio

~ixed charge
rate

Valve timing
interval

i0 to i000 gpm

500 to 1500 psig

’7 to 15 percent

20 to 60seconds

Using the net reduction in unit cost of product water as
a criterion the best results were obtained with high
brine flow rate, high RO module inlet pressure, low
concentration ratio, low fixed charge rate, and valve
timing interval on the order of 40 seconds.

The break-even unit cost of electric energy, that
is, the energy cQst above which the exchanger yields a
net reduction in unit water cost, was found to decrease
with increasing brine flow rate, increasing RO module
inlet pressure, and decreasing concentration ratio.
Break even unit cost for a valve timing interval of 40
seconds and a fixed charge rate of 11 percent ranged from
0.4 C/Kw-hr for a 1.3 MGD seawater RO plant with 1500 psig
module inlet pressure, a concentration ratio of 2 and a i000
gpm brine flow rate to 5.8 C/Kw-hr for a 0.05 MGD brackish
water RO plant with 500 psig module inlet pressure, a concen-
tration ratio of 5 and a 10 g~m brine flow rate.



Installed capital costs for the work exchanger and re-
vised pumping depend on the RO nodule inlet pressure, the
concentration ratio, the brine flow rate, the tube diameter
and the valve timing interval. Typical values range from
about $7900 for a 10 gpm system applied to a 0.12 MGD plant
with concentration ratio of i0 and 500 psig nodule pressure
to about $176,000 for a 1000 gpm system applied to a 1.30 MGD
plant with concentration ratio of 2 and 1500 psig pressure.
These costs are based on stainless steel valves and carbon
steel pipes. If stainless steel or lined pipe were used the
cost would be on the order of 20 to 50 percent higher. An
approximate comparison of installed capital costs for work
exchanger systems (including booster pumps) versus hydraulic
turbines indicates that for brine flow rates below 100 gpm
the costs are likely to be approximately equivalent, whereas
for brine flow rates greater than 100 gpm the work exchanger
systems are likely to be more expensive than the turbines.

The conclusion is that energy recovery by the use of
direct-contact work exchangers is at best equivalent in cost
effectiveness to energy recovery by the use of hydraulic turbines
for brine flow rates below 100 gpm, and is less cost effective
for flow rates above 100 gpm. The present relationship between
the cost of energy (electric or other) for industrial use and
the capital cost of equipment probably preoludes investments
for energy recovery equipment of any type in RO plants with
brine flows below 100 gpm, with the possible exception of
high-pressure, low-concentration ratio, seawater plants.

Even allowing for the approximate nature of the capital
cos~ computations further R&D efforts on direct-contact work
exchangers for the RO application do not appear to be warranted.



2. INTRODUCTION

The specific energy requirement of a reverse osmosis
desalination plant can be reduced by the recovery of energy
fro~ the high pressure brine discharge system. Energy
recovery is economically justified if the.c0st of recovered
energy is less than the cost of externally available energy.
Energy recovery may also be desirable in order to minimize
the waste heat discharged from power plants to the envir-
onment and in order to conserve fuel resources.

Possible energy recovery concepts include (1) using
the high pressure waste brine system to drive a hydraulic
turbine which in turn provides shaft power directly, or by
means of an electric generato~ to the high pressure feed-
water’pump, and (2) using the high pressure waste brine
stream to directly pressurize part of the feedwater stream.
In the latter case pressure drops in the reverse osmosis
modules and in the energy recovery equipment would require
the use of a booster p~mp in conjunction with the energy
recovery equipment. This would be offset by a smaller
capacity requirement for the main high pressure feedwater
pump.

Feed pressurization may be ~l~d by the use of
~dr~c turbines or by the use of pressure transfer units,
whi~ are ~l~ designated as wo~ exchangers. An anal-
ysis of the use of ~am~c turbines is contained in Ref-
erence 1. One of ~e conclusions reached in that stu~ is
that ~c turbines are not economically justified for
reverse osmosis plants of less than 1 MGD capacity. Studies
of work exchangers have been carried out at Kansas State

whereas this present report deals with pistonless, or
direct-contact, work ~g~s.

In a piston-type work exchanger the energy of an
initially high pressure fluid is transferred to an initially
low pressure fluid in a cylinder, the two fluids being
separated by a free piston. Assuming that the high press-
ure fluid is the waste brine from a reverse osmosis module,
and that the low pressure fluid is part of the feedwater
for the module, a typical cycle starts with the cylinder
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filled with feedwater at low pressure and the piston at the
brine end. The brine inlet valve is opened allowing high
pressure brine to force ~e piston to the feedwater end of
the cylinder, thereby driving the feedwater charge into the
high pressure supply line to the reverse osmosis module.

TheforcesValvesthe ~ ~ t ~e~ ~r ~ n~° e~a ~ f i ~eP~r f~ e ~,
driving the brine charge out into a low pressure discharge
line. The use of two or more cylinders operating out-of-
phase provides for practically continuous flow of feed into
the reverse osmosis module.

The primary function of the pistons in a piston-type
work exchanger is to separate physically the brine and the
feedwater. However, in the applioation of a work exchanger
to a reverse osmosis desalination system, such physical
separation of the brine and the feedwater is not strictly
necessary, provided that they are brought into contact in
such a way that mixing is minimal. This leads to the con-
cept of a pistonless or direct-contact, work exchanger, in
which the energy exchange takes place in a tube or pipe,
instead of in a machined cylinder.

Figure i illustrates successive states of a direct
contact work exchanger. E~ end of the tube, which need
not be straight, is equipped with a three-port valve or an
equivalent valve arrang~nent. Figur~ l(a) shows the feed-
water forcing the brine out to a low pressure discharge
line. Figure l(b) shows the valves in position for the
high pressure brine to force the feed charge into the high
pressure feed line of the reverse osmosis system, and
Figure l(c) shows this process partially completed. Figure
1 (d) shows the valves in position for the low pressure feed
to again force the depressurized brine into the discharge
line. A mixing zone oocupying a fraction of the tube
length is indicated schematically in the figure. This mix-
ing zone would result in a slight increase in the average
salinity of the feed entering the reverse osmosis module.

The feasibility of using a direct contact work ex-
changer in a reverse osmosis plant is dependent, basically,
on the cost per unit of product water from an optimized
plant with energy recovery, in comparison with the cost for
water fro~ a~% optimized plant without energy recovery. In
general, the characteristics of an optimized plant with
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energy recovery wouldbe somewhat different from those for
a plant without energy recovery. This implies that the
addition of an optimized work exchanger to an optimized
reverse osmosis plant would not necessarily result in an
optimum overall system, so that optimization of the overall
system would be preferable from an initial design stand-
point, Optimization analyses of this type are reported in
References 7 and 8. This type of analysis is beyond the
scope of the study reported here.

In this study the basis of the analysis is the unit
cost of the recovered energy, rather than the unit cost of
the water produced by the reverse osmosis plant. The unit
cost of the recovered energy is dependent on the amortiza-
tion and operating costs of the work exchanger. While
this approach does not result in an optimized overall sy-
stem, it does indicate the conditions under which the
inclusion of a direct-contact work exchanger in a reverse
osmosis plant would be economically feasible.

In Chapter 3 the system configuration is defined and
a mathematical model for the physical system is developed.
Chapter 4 contains a cost analysis and Chapter 5 presents
the results of a parametric analysis based on the physical
system and cost equations.



3. PHYSICAL SYSTEM ANALYSIS

3.1 ~ntroduction

The physical system analysis for a direct-contact work
exchanger consists essentially of establishing the dimen-
sional and operational characteristics on a parametric
basis. The primary parameters are the pressure and volume-
tric flow rate of the waste brine stream from which energy
is to be recovered. The pressure establishes the tube wall
thickness and the volumetric flow rate determines the flow
velocity as a function of tube diameter. The flow velocity,
in turn, determines the pressure drop per unit length of
tube. The length of the tube then determines the tube pre-
ssure drop and the valve cycling rate. An energy recovery
efficiency may be defined on the basis of the pressure drop
through the exchanger, the auxiliary energy required to
operate the exchanger, and losses associated with mixing
of the fluids. A volumetric efficiency may be defined on
the basis of the amount of brine which mixes with the feed-
water in the exchanger.

3.2 System Configuration

Figure 2 shows a schematic diagram of system config-
uratien in which a work exchanger is connected to a reverse
osmosis (RO) module in order to recover energy from the
high pressure waste brine stream. Two accumulators are
included in the system for the purpose of smoothing out
pressure fluctuations resulting from cycling of the work
exchanger valves. A booster pump is included to compensate
for the pressure drops through the RO module and the work
exchanger.

Although one tube with the necessary valving could
constitute a work exchanger, this would not be practical
for recovery of energy from a continuously flowin~ high
pressure stream. In order to maintain continuity of flow
the minimum practical number of exchanger tubes is two.
These would operate out-of-phase so that while one is oper-
ating in the high pressure energy exchange mode, the other
is operating in the low pressure discharge mode.

Figure 3 illustrates two feasible valve arrangements
for two-tube work exchangers. Figure 3 (a) shows an arran-
gament in which operator-driven 2-port valves are used,

8
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(a) 2-PORT VALVE ARRANGEMENT

3-PORT VALVE ARRANGEMENT

O OPEN 2-PORT VALVE
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~ VALVE OPERATOR

Figure 3. Alternative valve Arrangements
for Direct Contact Work Exchanger
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and Figure 3 (b) shows an arrangement in which operator-
driven 3-port valves are used. In both cases the valves
are shown in positions corresponding to high pressure
energy exchange in the upper tube and low pressure dis-
charge of waste brine from the lower tube.

Although the exchange tubes are indicated by straight
lines in Figure 3 there is no physical necessity for the
exchanger tubes to be straight. Generally, in order to ob-
tain a compact arrangement, the tubes would be made up of
a number of straight seotions connected by U-bends.

3.3 Assumptions and Parametric Ranges

In this analysis the fluids enteridg the work exchan-
ger are assumed to be as fo~ows:

Low pressure fluid: Part of the saline feed-
water for an RO desalter

High pressure fluid: Waste brine discharge from
an RO desalter

The low pressure at which the feedwater enters the work ex-
changer is assumed to be such that the pressure drop through

exchange part of the cycle. This is necessary in order to
ensure that the volume of feedwater entering an exohanger
tube during the brine discharge part of the oycle is at
least equal to the vol~me of brine entering’the tube during
the energy exchange part of the cycle.

Si~e pressure dr~s are ~l~e~ ~e ~
~, a ~ e~al to that ~.~ is ans~
for all pressure drop ~~ in the ~ram~c
analysis. A temperature of 75°F is ansum~.

For purposes of analyzing the effects of mixing,
the feedwater sa~nity is assumed to be norma~zed to a
~alue of unity, and the corresponding normalized brine
salinity is designated by the symbol N. N is varied para-
metrically over the range 1.5 to i0. If there were no
mixing of the two fluids in the work exchanger the value
of N would be equal to the concentration ratio of the RO
module. Because of mixing, the value of N is slightly
greater than the RO concentration ratio.

11



The following parametric ranges are used with respect
to the brine stream entering the work exchanger:

Pressure, psig: 500 to 1500

Flow rate, gpm: i0, 50, 100
500, 1000

3.4 Tube ~~s

In a two-tube work exchanger each tube carries the en-
tire volumetric flow rate of the waste brine, at high
pressure for one-half of the cycle, and at low pressure for
the other half. This establishes a basic design criterion
for the tubes, i.e., the product of the tube cross-sectional
area and the flow velocity. As the tube diameter is in-
creased the flow velocity decreases. The optimum’values of
these two parameters are dependent on pressure drop and cost
considerations.

The pressure drop for flow in the tubes is given by the
Darcy formula:

~p = pfLv2

12d 2g

= 0. 001294.PfL v2 (1)

In this analysis turbulent flow is assumed, for which the
friction factor, f, is a function of Reynolds number and
the character of the tube wall. For purposes of this para-
metric analysis, the diameter, d, is ~estricted to actual
inside diameters of commercially available pipe sizes.

Examination of pressure ratings for pipes indicates
that Schedule 40 steel pipe in nominal sizes up to 6 in. is
adequate for pressures up to 1500 psi, which is the upper
limit for this analysis. This applies to both seamless car-
bon steel and stainless steel pipe.

Table 1 presents data for Schedule 40 steel pipe in
the size ranges applicable to the volumetric flow rates un-
der consideration. Pressure drops for water based on Equa-
tion i, were obtained from Reference 9 and revised for a
speciflo weight of 63.9 ib/ft 3, corresponding to seawater

12



TABLE i. DATA FOR SC~nULE 40 STEEL PIPE

Flow i i RatinglPressure ! VelocityFl°w Pressure
Rate

N°minalslze
Drop2

gpm
i psig

in. psi/100 ft.

43.4
3/4

i

I ft/sec.

i0 1/2
10.2

1
II

4974 I! 10.56
4079 6.02

I 3.06
1-1/4

3794 3.71
3124 .793

1-1/2 2825
2.15
1.58 .370

50 1-1/4 16.0
1-1/2

3124 10.74
2825 7.88 7.33

2 2381 4.78 2.08
2-1/2 2605 3.35 .860
3 2258 2.17 .295

i00 1-1/2 2825 15.78 27.6
2 7.78
2-1/2

2381 9.56
2605 6.70 3.17

3 2258 4.34 1.08
3-1/2 2062 3.25 .521
4 1910 2.52 .279

500 3 22.22
3-1/2

~: 2258 21.67
2062 16.21 10.42

4 1910 5.79
5 1679

I 12.60
"8.02 1.85

6 1524 5.55 .738
8 1343 3.21 .186

L000 4 1910 25.17 22.18
5 1679 16.04 7.01
6 1524 11.10 2.75
8 1343 6.41 .692

i. Bas~ ~ pressure ~s for Petroleum ~ P~i~,
ASA B31.3-1962, for ASTM Ca~on Steel A-53-B or A-106-
B pipe.

2. Based on ~awater at 75°F.

13



at 75°F. The sensitivity of pressure drop to salinity is
small, since the effect of salinity is to change the speci-
fic weight, p , in Equation i by a small a~ount.

The flow rates upon which Table i is based are, in
fact, nominal values. Actual values would be somewhat less
because of velocity variations resulting from the cyclic
operation.

3.5 The Mixin~ Zone

Some mixing of the feedwater and the waste brine in-
evitably occurs as a result of bringing them into contact
in a turbulent flow situation. Since the exchanger is ex-
pected to cycle several times per minute the contact time is
not sufficient for any significant amount of mixing to occur
by diffusion. Th~s, if there were no velocity gradient, i.e.,
if the velocity were the same at all points in the tube cross-
section, there wo~id be minimal mixing at the interface be-
tween the two fluids for the short contact periods resulting
from rapid cycling. However, the actual existence of a tur-
bulent flow velocity gradient causes the formation of a mix-
ing zone along which the salinity ranges from that of th6
feedwater to that of the waste brine.

Figure 4 illustrates the velocity gradient for incom-
pressible turbulent flow in a cylindrical tube. As indiu

cated by the gradient, fluid particles near’the tube wall
travel much more slowly than particles near the center line
of the tube. In other words, particles near the center of
the tube move farther in a given time interval than do par-
ticles near the tube wall.

Figure 5 illustrates the mixing zone created by the
velocity gradient. The curves represent the successive posi-
tions of particles as fluid flows through the tube with a
velocity gradient such as that shown in Figure 4. ~he
curves in Figure 5 are not velocity gradients.) These par-
ticle position curves may be conceptualized for a single
fluid in the tube or for two fluids in contact. In parti-
cular for two ~luids in contact the curves may be consl-
dered as s~ccessive positions of radi~l sections of an
advancing interface surface between the two fluids. Because
of the turbulent flow an interface in the form of a smooth
surface does not exist, of course, but the concept provides
a means of estimating the characteristics of the mixing zone.

14
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Considering the conceptual interface surface the length
of the mixing zone may be taken as equal to the axial length
of the surface, or of its cross section, as indicated in
Figure 5. Evidently, this length increases as the flow pro-
gresses. The amount of mixing in the mixing zone, or in any
axial fraction of it depends on the relative volumes of the
two fluids within the total volume under consideration. Al-
though the conceptual surface increases in length with time,
the relative volumes of the two fluids in the mixing zone
remains fixed. This is due to the fact that on a normalized
basis the conceptual interface cross-section is the same as
the velocity gradient. This is illustrated in Figure 6.
The volumes Of Fluids 1 and 2 at length z are given by the
integrals

z

Vl(z) = ~ "/o [R(z)]2 dz

z

V2(z ) =’7 f 1. JR(z)]2
o

dz (3}

where R(z) is the functional form of the interface cross-
section. Figure 7 shows the results of a computer solution
of Equations (2) and ~3), in which R(z) is approximated 
linearized segments (see Appendix). Also shown are the
volume functions

1
v~ (z) = ~/z m(z)]2 dz =VlIl) Vl~z) 14

1

v~ (z) = ~f l-JR(z)] 2 dz=V2a)-V~lz) (S)
z

Assuming that the two fluids are mixed in the propor-
tions indicated by Figure 7 the normalized salinity for the
cumulative mixture volume may be computed as a function of
normalized length by using the relative salinities of the
unmixed fluids. Two cases are of interest:

16
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Case i: Salinity of Fluid 1 = 1
Salinity of Fluid 2 = N
Volumes from 0 to z

(1)~l(Z) + ~V2(z)
sI (z) = 

~ z
(6)

Case 2: Salinity of Fluid 1 = N
Sa~ of F~id 2 = 1
Volum~ from z to 1

s2(z) = ,
~Z

(7)

Figure 8 shows computer solutions of Equations (6) and (7),
again using a linearized segmental approximation of R(z).

in the application to an Re module the work exchanger
would be expected to dellver feedwater with a minimum admix-
ture of waste brine. The amount of brine which is delivered
to the module with the feedwater is dependent on the mixing
zone, the valve timing and the pressure drops during the two
parts of the cycle.

For purposes of analysis consider a long tube in which
slugs of two fluids flow in succession. Assume that the
slugs are of equal volume (corresponding to equal pressure
drops during the two parts of the work exchanger cycle), so
that the slugs are of equal length. This situation is illus-

~ds~i~’9[The mixing zone, whichwhereandhasN’thSaandlengthtW°theflUidSlengthof 0.55Ls,areis ~~s indicatedbyas Ls"

by the cross-section of the conceptual interface surface.

Assume now that the long tube has two valves which are

~e~s~ apart’volume ofIffluidtheSecapturedtW° valvesbetweenwere °l°sedthem

would be equal to the volume of an exchanger tube and the
average salinity would be dependent on the relative volumes
of the two fluids between the valves. This is analagous to
the operation of the work exchanger in which a volume of
feedwater mixed with some brine is captured between valves
at the ends of an exchanger tube.

19



CASE 1 (EQUATION 6)

CASE 2 (~ 7)

N

Figure 8. Normalized Salinity of Cumulative
Volume Vs. Normalized Length of

Mixing Zone
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Figure 9. Gcneraiized Flow of Bqual Volume Slug~ of ~¢o
Fluids ,~f Salinities 1 and N in Long Tube



Evidently, the relative volumes of feedwater and brine
captured by the valve operation depend on the valve timing
relative to the positions of the slugs of fluids. In Figure
9 this relatlve position is designated by the parameter y.
When y is equal to zero a complete mixing zone at the for-
ward end of each slug is captured. When y is greater than
zero, parts of two mixing zones are captured. As indicated
in Figure 9 these mixing zone parts are of different types,
the part at the forward end of a feedwater slug requiring
the use of Equation 6 for salinity determination, and the
part at the trailing end requiring the use of Equation 7.

In ~nv~ from the normalized basis of Equations
6 and 7 to actual le~ths the valu~ of z is related to the
~r~ yby

z = i - y (8)
s

Using6 and 7thethefUncti°nSaverage ~olr(~l~2~In~yd~i~e~eie~w~ratsi~

s AL

= 0.45 + 0.55 sI +L~ (s2-sl)’ (9)

Figure i0 is a computer solution of Equation 9 in which the
average normalized salinity of a feedwater slug is shown as

malized salinity of the feedwater slug increases as the
normalized brine salinity, N, increases. As the cut-off
ratio, Y/Ls, increases, the feedwater slug salinity, Ss,
decreases to a minimum for each value of N, then increases.ThiSzero theeffeCttotallS volumedUe to ofthethefaCtcomponentthat as ~L~a~[~s~si~r~e

feedwater slug first decreases to a minimum, then increases,
as indicated~ for example, by addition of the ordinates for

curVeSoccurs ~(~ea~l~(~-~l~ whichin Figure 7. The minimum
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Solution of E~at~n i0 gives z=0.68, which ~nds
to y/L~0.18.

exchangerThe wouldvalue lle~12~l-l~elll~’o~/~; atrelationshipWhich a w°rkbe-
~een the slug length, Ls, and the tube ~th, Lt. The
slug length is equal to the product of the average flow
ve~ and the va~e t~ing i~l,

Ls = v~t (ii)

Fig~e 11 illustr~tes the ~ree possible relationships
~n Ls ~d L t ~d the corresponding t~es of feedwater
slugs delivered ~ the ~rk ~a~. (Interchange of ~e
two fluids would correspond to the brine slugs d~d ~the~i~ i~exchang~) .of v°l~e ~ig~erequiresll (a) ~l~s~eevl~i%~Inf~il~.

Vf, left in ~e tube at valve closure, be equal to the vol~e

°fslug.~i~’~i~bf~s~i~the conditionis ~l~expressedat the~ailingEquationendl0,°fandthe

~e ~orresponds to min~ contamination of the feed-
water by the brine, i.e., s s is ~n~, and y/Ls=0.18~

Evidently, the design lj~l~ ~id be to ~ke Ls
as near~ e~al to Lt as possible since this ~nimizes the
contamination of the ~e~. Under operating conditions,
small variations in ~s~, t~peratur~, salinities,
valve t~i~, etc., could cause some ~ift fr~ ~e opt~

not such lift sluld be ~nii~d by iel~k Ii~l~t of
the ~1~ t~i~ inte~al on the basis of signals fr~ fl~

The ~ ~1~ ~ the wo~ ~r to the
~ ~le is ~ed with ~r ~i~ ~ fr~
the high ~s~e p~ as indicated in Fi~e 2, the relative
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(a)

Vb Y/L s = 0.18

I’
Lt "

’I’
Ls > Lt

’I

Y/LS ~ O.IB

,v

(c}

Figure ii. Effect of Relationship Between Tube
Length and Slug Length on Feedwater
Slugs Delivered by Work Exchanger



volumetric rates are based on equal brine a/%d feedwater
flows in the exchanger and on the brine fraction from the
R0 unit being approximately inversely proportional to the
concentration ratio, N/sf.

A salt balance on the mixed feedwater flows at the RO
module inlet, gives the average normalized salinity of the
feedwater entering the RO module ss

N
sf - N+l_Ss {12)

Figure 12 shows a plot of Equation 12 based on values of ss
from Figure 10.

~O~ Of ~e dilution of the waste brine ~ feed-
water the ~i~d ~ of ~e waste brine discharged
frum the wo~ ~r is less than N, and is e~al to ~e
~e~t~n r~io. That is,

N
= ~+l-s (13)

sb = sf s

The loss of feedwater with the waste brine discharge
is, on a normalized basis,

sf-1

The energy required to pump this lost f~dw~ thigh the
work excha~er ~ drop must be t~en as a debit ~nst
the energy recovered by the work exchanger.

As Shown in F~guz’e 2, the ~o~ ~ is ~sum~
~ be ze~ for pu~ of this analysis.
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Equation 14 also gives the loss of pzoduct water re-
sulting from the increase in normalized feedwater salinity

must be taken as a debit against ~he work exchanger.

Figure 13 shows a plot of Equation 14 for ranges of~ shownl0" Thein largestPigures lossesl0 and ~ SO.hand lotto occurvaluesatOflowN frOmvaluesl.5

°foocurN andat highhigh valuesvalues ofOf ~/~ whereasthe valuetheofl°weSty/Ls =01°sses.18,
corresponding to minimum Ss, and to Ls = Lt,

3.6 Pressure Drop Through Work ~xchan@er

The pressure drop through the work exchanger is the
sum of the pressure drops through the exchanger tubes, the
valves, and the piping required to connect the exchanger
to the RO module. These pressure drops can be computed by
the use of Equation i, using the actual lengths of th~
exchanger tubes and connecting piping and using equivalent
lengths for valves and fittings, in general, these
equivalent lengths are approximately proportional to the
diameter. The constants of proportionality used in this
study are listed in Table 2. These are representative
values only, particularly for valves, and some variation
could be expected depending on valve make and design.

In order to consider the overall pressure drop
associated with a work exchanger in a generalized sense,
rather than with respect to a particular application,
the number of fittings and the length of connecting
piping must be arbitrarily defined. Table 3 lists
quantities per flow circuit used in this study. One
U-bend per exchanger tube is included, on the basis of
all of the valves and connections being located at one
end of the exchanger. The valve arrangement in Figure
3(a), which uses 2-port valves, is assumed, since
suitable 3-port valves are not available over the full
range of sizes under consideration.

For a. given diameter the length used in Equation 1
for computation of pressure drop is

L=Le+Lt ft (15)
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TABLE 2. CONSTANTS OP PROPORTIONALITY USED
FOR RELATXNG EQDIVALENT LENGTHS TO

DIAMETERS FOR VALVES AND FITTXNGS

Item 9onstant 1

Operated valve (2-port) 2.75

Check valve 2 to i0 2

U-Bend 3.96 3

Elbow 2.75

Tee 2.75

Equivalent length in ft = constant x
diameter in inches

Value used in analysis: 5

Gives difference between actual ~nd
equivalent lengths
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TABLE 5. QUANTITIES1 OF VALVES, F~TTINGS, AND CONNECTING PIPXNG
PER FLOW CIRCUIT FOR PRESSURE DROP COMPUTATIONS

FOR 2-TUBE WORK EXCHANGER

Item

Connecting piping, ft. 20

Operated valves 1

Check valves 1

U-Bends 1

Elbows 8

Tees 6

Per Flow Circuit

Note that these quantities are for pressure drop
computations. Actual quantities in the system are
greater, since closed valves and associated piping
are not included in pressure drop computations.
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permits inclusion of the actual U-bend length in Lt,
the exchanger tube length.

The value of Le is computed asL e = Lc + d ~nc ft

(16)

iliIiah ii,tlevliil%°lilliiiltill pi’ing’n is t=eCn=eris the
of valves or fittings. For the values given in Wables
2 and 3 the value of L is

e

L = 20 + 50d ft (17)
e

Noting that the average velocity, v, in Equation 1
is equal to the volumetric flow rate divided by the cross-
sectional area, Equation 1 may be written in the form

where K is a constant for specified values of f, p , g.

IP decreases is d increases, and increases as I t increases.

3.7 Valve Timing

The valve timing has been discussed in section 3.5
with respect to the cut-off ratio. As indicated there the
valve timing interval should be selected so that the

valve t~i~ i~val~t, is

= It = 0.408 ~ ~t It (19)Lt

The valve timing interval, At, includes three sub-lntervals:
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(i) A~celerat~on interval as Valve is opened
(2) Steady state flow interval
(3[ Deceleration interval as valve is closed

Figure 14 illustrates schematically the volumetric
flow ra%es as functions of time for the two tubes of a
2-tube work exchanger. Assuming that the acceleration
and deceleration rates are approximately equal and constant
during open±ng and closing of the valves, the steady state
flow rate, 9’, and the average flow rate, Q, are related
by the equation

Q~t = Q’ (at-2~’) + 2 ~’ ~t’ (20)

I

I

I

~~ of Equation 20 gives

Q, = Q ~t gpm (21)
~t-~t~

The valve operating ti~e, ~t’, depends on valve
size and ~pe of operator, ~p~al~ ra~i~ from about
1 second for small valves to about 5 seconds for 6-inch
valves.

In general, the valve timing interval, at, should
be large relative to the valve operating time, ~t’,
in order to minimize the effects of acceleration and

deoelerati°ntiming intervalenell~uldl°SseSalsoandbe largefl°w interrupti°ns’to minimize valve~he

wear and energy required to operate the valves.

3.8 Power Requirement for Valve Operation

The 2-port valves assumed for this study are of the
trunnion ball valve ~pe. The energy required to effect
closing or opening of a ball valve is the product of the
average torque and the angle of rotation in radians.
The torque is dependent on the diameter and may be expressed
as

T = adb ib-ft (22)

where a and b depend on the make a~ design of ~e valve.’
Ass~i~ a pne~at~ valve operator, the input work rate



Q|

HPF
FROM TUHE 1 TO RO ~PB FROM TUBE 1 TO WASTE ~

~t’

~t ~t

TI~
HPF - HIGH P~SSU~ FEED LPB - LOW P~SSU~ B~NE

Figure 14~ Effect of Valve Timing on Flow in T~es of
2-~be Work Exchanger
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fraction of one horsepower and therefore negligibly small
relative to the flow work content of the brine stream.

3.9 Effioienc~ of Flow Work Transfer

The flow work available in a brine stream leaving
an RO module is

Wd = 19.25Q(Pd-P b) ft-lb/min (24)

minus the energy required to operate the valves. Two
equal pressure ~rop losses must be considered. The
first is the loss due to the pressure drop during the
part of the cycle in which feedwater is discharged from
the exchanger to the RO module at high pressure. The
second is the loss due to the pressure drop during the
part of the cycle in which brine is discharged from the
exchanger to waste disposal. Thus

~P = Pd-Ps = Pf-Pb psi (25)

~e~e~ ~e~w~e~i~g~Yd~dl ~ ~o~s t~ ~ t heexchangerPr es sur eto

~p~e~O~l~ea~r~fe~h~e~[essure of the feedwater

The pressure drop losses are then

W1 = Wh = 19.25 Q~P ft-lb/min (26)
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The ~rk exchanger effici~y is ~en

e Wd (27)

This may he simplified for the present analysis by noting

~e - Wd

Pd-Pb

= Ps’Pf

Pd-Pb (28)

3.10 Pump Power

Using the brine flow rate, Q, as a basis, and
assuming no work exchangez, ~le rate of energy transfer
from the high pressure pump to the feedwater would be

Whp = 19.25QN(Pr-P f) ft-lb/min (29)

where Pr is the inlet pressure for the RO module.

The addition of a work exchanger results in a
reduction in the required high pressure pump power,
but requires the addition of a booster pump (See Figure 2).
The energy transfer rates to the feedwater for these two
pumps are
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N~sf

Wbp = 19.2SQ(Pr-Ps) ft-lb/min (31)

i!!i!~eW!P~tPe?~!~ii~!!~i~i~’et~!~P~!inormalized salinities, as previously’ defined, thesfhighareenergy

to theT~e~at~Pi~ ~ caseis theoft°talusingratea work°f exchanger,energy input

The reduction in energy input rate is

The ener~ recovery rate for the work excha~er is

We = ~ - ~ - ~ = 19.25Q(Ps-P f) ft-lb/~n (33)
The difference between Wr and We is

= 19.25QN(1-s~) (Pr-Pf) ft-lb/min 

The reason for this difference is the ~ffect of mixing
in the work exchanger on the relative flows through the
high pressure pump and the booster pump. If there were
no mixing, sf would be unity and the difference would be
zero o

3.11 ~ecific Energy Requirement for Product Water

Without the ~se of energy recovery the specific
energy requirement for the product water may be expressed
as

37



0

0

0

0

0

0

0

0

0

0

0.000378 Whp
E =

~p (N-I)Q

_ 0.00727 N

N-1 (Pr-Pf) Kwhr/Kgal
(35)

where ~p is the overall efficiency of the pump and driver.

Using the work exchanger in conjunction with the
RO module reduces both the energy input rate and the
product water rate. The specific energy with the use of
the work exchanger is

E’ - 0.000378 W~p + Wbp
~p N-sf

Q
sf

= 0.00727~p
[(pr_pf) + N_sfSf (pr_Ps)] Kwhr/Kgal(36)
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4. ECONOMIC ANALYSIS

The objective of the economic analysis for the work
exchanger is to determine the effect of adding a work
exchanger to an RO plant on the unit cost of water.
Basically, this requires determination of the capital and
operating costs for the exchanger and the revised pumping
equipment. The desirability of using a work exchanger is
determined by whether or not its use decreases the unit cost
of the product water from the RO plant.

4.2

tions
For purposes of this ~a~s the ~i~ ass~-
are made:

Fixed charge rate
Load factor
Operating and maintenance cost

Assembly cost

7 to 15 percent
0.90
i0 percent of capital
cost per million
cycles

20 percent of material
cost

4.3

to an

Cap~ Cost Ce~s

The capital cost centers for a work ex~a~ applied
BO module are

Cost of ex~a~ ~pm~t
Cost differential for pumps
Cost of anse~bling equipment

The second cost center applies when the work exchanger is
used in conjunction with an RO module, and reflects the
cost adjustment for the addition of a booster pump and a
reduction in the high pressure pump capacity.
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Table 4 gives the list of equipment for a 2-tube
work exchanger using 2-port valves.

4.3.1 piameter Dependent Costs

The costs for most of the equipment items
shown in Table 4 are dependent on the diamter of piping,
valves, fittings. Table 5 shows capital costs for these
items. These are representative costs and some variation
could be expected if other makes or quotation sources were
used. Carbon steel piping and stainless steel valves are
assumed. The piping cost would be increased by a factor of
about l0 to 15 if stainless piping were used.

4.3.2 Capacity Dependent Costs

The accumulator capacity is dependent on a
number of factors, including volumetric flow rate. For a
first approximation for parametric analysis the
accumulator capacities have been selected approximately
equal to the volumetric flow during a period of one-half
second. The selected capacities and costs are shown in
Table 6.

4.3.3 Timer Cost

The timer for cyclic operation of the
exchanger valves is a relatively low-cost item. A cost of
$100 has bee~ assumed, based on catalog data.

4.3.4 Pump Cost Differential

The total flow capacity of the booster pump
and the high pressure pump when a work exchanger is used
is the same as the capacity of the high pressure pamp
alone when a work exchanger is not used. However, the
total power input is less because the booster pump is a
low-head pump. Xn general, increasing the number of
pumps for the same total capacity tends to increase the
cost.

The function 870 [ 0. 001 ~pm) (psi) ] 0.9, based
on data from Reference i0, approximately correlates
pumping equipment costs in 1974 dollars, including valves
and electrical equipment. This function is used to compute
the approximate cost increase resulting from the addition
of a booster pump having capacity equal to the RO brine
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TABLE 4. LIST OF EQUIPMENT FOR 2-TUBE

¯ WORE EXCHANGER USING 2-PORT VALVES

It~ Quantity Units

Exchanger ~bes 2Lt ft

Connecting piping 50 ft

Operated valves 4 ea

Valve operators 4 ea

T~er 1 ea

Check valves 4 ea

~~ 2 ea

U-bends 2 ea

Elb~s 16 ea

Tees 12 ea
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TABLE 5. DIAMETER DEPENDEN~ COSTS

Nominal Schedule 2-Port Cheek
Diameter 40 Pipe I Elbow 1 Tee 1 U-Bend 1 Valve 2 Actuator 2 Valve

in. $/i00 ft $ $ $ $ $ $

1/2 62 2 7 8 465 300 300 4

3/4 67 2 7 8 500 300 300 4

1-1/4 113 4 12 14 896 300 400 ""

1-1/2 131 4 12 14 1186 300 .500

2 102 5 14 22 1541 300 624

3 194 I0 22 32 2676 300 i092

4 265 15 26 42 5819 500 1690

6 457 22 30 67 i0910 i000 2860 ~

1 Based on ASTM Carbon Steel A-53-B for sizes 2 in. to 6 in., A-106-B for
sizes less than 2 in., A-234 for fittings. Prices quoted by Industrial
Supply Corp., Baltimore, MD, on April 25, 1974.

Based on estimates provided by EBV System, Inc., Warwick, El for stain-
less steel trunnion valves, June 1974.

Based on escalation of values given in Reference 4 for Circle Seal
stainless steel check valves.

Estimated



TABLE 6. ACCUMU~JC~OR CAPACITY ~dD COST

Nominal Homi~i ~iI~ Cost
FI~ Rate ca?=c~ ty

i0 I/4 165

50 1 235

i00 2-i/2 300

500 9 440

1000 1O 613

1 Greer Standard Bladder Type for Water Service
(Stainless Steel Port snd Phenolic Coated I.D.).

Quotations by Air [~nt ~d~uiics Corp.,
Cockeysville, Md. on May 5, 1974.
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flow, and a corresponding ~educticn in the capacity of
the high pressure pump. Because of the approximations
involved in these computations d~e secondary effect of
mixing in the work exchanger has not been included.
Thus, the computations are based on a nominal
concentration ratio of N, ra~r than ~e adjusted
ratio, N/sf. Table 7 gives ~e cost increase as a function
of N and the RO inlet pressure, Pr"

4.4 Total Capital Cost

The total capital cost is

Cc = Ce + Cp + Ca

= 1.20(C e + Cp) (37)

is Itili as II percent of the !i!ei cost.

The exchanger equipment cost is dependent on the
length Of the exchanger tubes, Lt, the nominal diameter,
d, and the volumetric flow rate, Q. It is computed as
the sum of the products of quantities given in Table 4 and
units costs given in Tables 5 and 6. The pump cost increase
is as given in Wable 7.

4.5 Annual Cost

The ~i~d capital cost is

Cca = 0.01 F Cc S/year (38)

where F is the fixed charge rate in percent.

The annual operating and maintenance cost, at 90
percent lead factor, is defined as

= 1.42 ~Cc ~/year (39)





since this cost is assumed to be equal to i0 percent Of
the capital cost per million cycles, and one cycle period
is equal to 2At, At being the valve timing interval in
seconds.

4.6 Cost Differential for Product Water

From Equations 35 and 36 the reduction in specific
energy for an RO plant as a result of a work exchanger is

~E = E-E’

= ~o 00727~p [NP_~
(40)

N’sfSf (Pr’P~) I Kw-hr/Egal

This represents a reduction in the unit cost of water,

~w, in the amount of

where ~k is the cost of electric energy in C/Kw-hr.

Offsetting this cost reduction is a cost increase
due to the capital and operating costs of the work
exchanger and revised pumping equipment. This cost
increase is

~wi = Cc(°’°lF+l’42/~t) (lOO) (lOOO)
~-sf Q (60) (24) (365) 
sf

= 0.211 Cc (0.01F+l.42/~t)sf
(N-sf) ¢/Kgal (42)

The water cost differential as a result of using ’the
work exchanger is then

~w = ~wi - ~wd ¢/~gal (43)

A negative value of ~w ~ndicates that use of the work
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5. ~RAME~ C ~

5.1 ;nput Parameter Values

The physical system analysis in Chapter 3 and the
economic analysis in Chapter 4 have indicated numerous
controlling parameters. In order to obtain a tractable
parametric analysis specific values were selected for cer-
tain parameters and ranges were selected for others. "
Table 8 lists the parameter valuez and ranges used in the
analysis. As noted in the table a basic assumption was
that the tabe length and the fluid slug length were equal,
corresponding to a cut-off ratio of y/Ls = 0.18.

5.2 9~r ~ram

A computer program was written to solve the sets of
equations developed in Chapter 3 and 4. Using the in-

values given in Table 8. The program and the computer
printout are given in the Appendix. The last column of
the printout gives the net change in the cost of product
water from an RO plant using a work exchanger. A posi-
tive value indicates an increase in water cost and nega-
tive value indicates a decrease in water cost.

As indicated by the printout,certain combinations
of parameters proved to be impractical due to excessive
pressure drop in the work exchanger. Others resulted in
net increases in water cost and would therefore be un-
desirable. Of the combinations which resulted in a net
decrease in water cost, many would be improbable in an
RO context, but were included for computational conven-
ience.

The following sections provide discussions of the
results of the parametric analysis. Many of the results
obtained are, of course, dependent on assumptions made
in the development of the physical system and economic
equations, and are therefore not absolute. Although the
printout includes results for nine different combina-
tions of R0 inlet pressure, Pr, and normalized
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TABLE 8.

Basic Assumption:

Parameter

Brine Flow Rate

Tube Inside Diameter
(Actual)

RO Inlet Pressure

RO Brine Discharge Pressure

Normalized Salinity Ratio

Valve Timing Interval

Fixed Charge Rate

Electric Energy Cost

Overall Pump Efficiency

Exchanger Brine Discharge
Pressure

INPUT PARAMETER VALUES

Tube Length = Fluid Slug Length (Lt=L s, Y/Ls=0.18)

S~mbol Values used Units

Q I0,50,100,500,1000 gpm

d 0. 622,0. 824,1. 380, in.
2. 067,3. 068,4. 026,
6.065

Pr 500,100G,1500 psig

Pd 450,900,1350 psig

N 2,5,10

At 20,40,60 sec

F 7,11,15 %

~k 2,4,6 C/Kw-hr

~p 0.60

Pb 20 psig



ce~e-’---.tr=~ion ratio, N, soma Of these are improbable,
=~ only five are used in the following discussions.
Th ~se are:

Pr, psig N

500 5,10

1000 2,5

1500 2

~.3 ~ Product Water Capacity

~or ~ RO module coupled to a work exchanger the
prc~uc~ w=n~r rate is Q(N-sf)/sf gpm. Table 9 gives
the compu%~d capacities, converted to MGD, for the values
of Q ~-~ ~ which were used in the analysis. For these
values ~.he plant capacity ranges from 0.01 to i1.66 MGD.
The values are somewhat lower than the nominal values
given tz T~. hle 7 because the mixing effect in the ex-
changer =es~llts in a normalized salinity greater than 1
at the .A~ module inlet.

~.4 Normalized Salinities

The computed normalized salinities resulting from
the us~ of a work exchanger are given in Table 10. These
ar~ b~s~- on the condition that the tube length and the
fluid slug length are equal, and on the normalized feed
~!ini~y at the plant boundary being equal ~o i. For
th~se coaditions the table indicates that the effect of
addlng -.-he work exchanger is to increase the normalized
salinit Z at the RO module inlet and to decrease the con-
<vz~rat~-mn ratio, which is equal to the normalized waste
~rlne e~nity for a feed salinity of 1 at the plant
’J~undary_. These effects increase with increasing N,
ranginq from 5 percent at N=2, to about I0 percent at
N=I0.
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T~LE 9. PRODUCT WATER C~S FOR ~
PLANTS USING ~ ~

N

Q 2 5 i0

gpm MGD MGD MGD

i0 0.01 0.05 0.12

50 0.06 0.26 0.58

i00 0.13 0.52 1.17

500 0.65 2.59 5.83

i000 1.30 5.18 11.66

T~LE i0. ’ ~RMALI~ S~S*

Concentration Ratio (=Normalized Waste Brine
Salinity)

Without Exchanger, N 2.00 5.00 10.00

With Exchanger, sb 1.90 4.60 9.10

Salinity at RO Module Inlet

Without Exchanger 1.00 1.00 1.00

With Exchanger, sf 1.05 1.09 1.10

Based on condition that tube length = fluid
slug ~th, a~ on norm~i~d feed ~
at plant boundary = 1.





5.5 ~ork Exchanger Efficiency

The work exchanger efficiency is a measure of the
fraction of the brine steam energy content which is trans-
ferred to the feed stream, and as defined by Equation 28,
is primarily determined by the pressure drop losses. This
neglects minor energy losses for valve operation end
acceleration~deceleration of fluids. The pressure drop
losses increase with increasing exchanger tube lengths,
which in turn, increase as the valve timing interval in-
creases.

Table ii gives lengths per exchanger tube for
selected t~be diameters and the values of Q and At used
in the analysis. Table 12 gives corresponding efficiency
values for At = 40 seconds, and for the three RO module
inlet pressures used in the analysis. A smaller At
would give higher efficiencies, but as will be shown later,
a value of at least 40 seconds is desirable for economic
reasons.

5.6 Reduction in Specific Energy

The reduction in specific energy required for RO
w~ter production as a result of using a work exchanger is
primarily dependent on the RO module inlet pressure, Pr,
the normalized salinity ratio, N, and the efficiency.
There is also a slight dependency on the valve timing in-
terval. Figure 15 shows these effects for the case of a
i00 gpm exchanger using 2 in. tubes. Reductions on the
order of 15 Kw-hr/Kgal are indicated for Pr = 1500 psig
and N = 2, whereas at Pr = 500 psig and N = i0, the re-
duction is on the order of 0.5 Kw-hr/Kgal. The results
shown in Figure 15 apply approximately to other flow
rate ~id pipe diameter combinations with efficiency values
similar to those for the 100 gpm/2 in. combination.

As indicated in the economic analysis the product of
the reduction in specific energy and the unit cost of
electric energy gives a reduction in the unit cost of
water. Offsetting this is an increase in the unit cost
of water due to the capital and operating costs of the
work exchanger and the revised pumping equipment. The
difference between these two effects determines the net
change in the unit cost of water.
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Figure 15. Reduction in Specific Energy for RO Plant
as a Result of Using Work Exchanger



5.7 Effect of Tube Diameter on Net Reduction in Water
Cost

In the analysis various combinations of brine flow
rate, Q, and tube diameter were considered. For a given
flow rate, increasing the tube diameter decreases the
pressure drop losses while increasing the capital cost.
As a result, there is an optimum tube diameter for each
selected flow rate,* in the sense of maximizing the net
reduction in the unit cost of product water. For a given
flow rate the optimum diameter is slightly sensitive to
the unit cost of electric energy and the valve timing
interval in addition to pressure drop and capital cost
effects.

Figure 16 shows the effect of tube diameter on net
reduction in the unit cost of water for an electric
energy cost, ~k, of 2C/Kw-hr, N=2, dt=40 sec, and fixed
charge rate F=II percent. Values are shown for RO
mouule inlet pressures of 1500 and i000 psig. For in-
dicated parameter values the optimum diameters are

Q, gpm i0 50 i00 500 1000

Nominal Diameter, in. 3/4 2 2 6 6

As indicated by the figure the difference between 2 and
3 in. diameters for i00 gpm, and between 4 and 6 in. for
500 gpm are fairly small. Increasing the cost of elec-
tric energy tends to move the optimum from 2 in. to 3 in.
for i00 gpm. Decreasing At tends to move the optimum
from 6 in. to 4 in. for 500 gpm.

5.8 Effect of Valve Timing Interval on Net Reduction
An Water Cost

The effect of the valve timing interval is strongly
dependent on the assumption made in Section 4.2 that the
operating and maintenance cost is dependent on the number
of cycles. This makes the annual operating and mainten-
ance cost inversely proportional to the valve timing

A more precise, but also more ~x, a~h
would be to de~rm~e the ~mum flow rate for
each t~e ~am~er.
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interval, At (see Equation 39). Thus increasing At de-
creases the O&M cost associated with the work exchanger.
Offsetting this are the increase in capital cost and the
decrease in efficiency as At increases. The optimum At,
in the sense of maximizing the net reduction in unit
water cost, depends not only on the factors just mentioned,
but also on the unit cost of electric energy.

Figure i~ shows the effect of the valve timing in-
terval on the net reduction in the unit cost of water for
an electric energy cost of 2C/Kw-hr, N=2, and F=ll percent.
The optimum is seen to fall in the 40 to 60 second range,
with 40 seconds being a satisfactory choice for most of the
cases illustrated.

5.9 Effect of Unit Cost of Electric Energy on Net
Reduction in Water Cost

Increasing the unit cost of electric energy increases
the net reduction in the unit cost of product water. This
is illustrated in Figures 18, 19, and 20 for Q values of
i0, i00, and i000 gpm, respectively. Extrapolation of the
lines to the 0 value for net reduction in unit water cost
gives the break-even values. These are plotted in Figure
21. Figure 21, as well as Figures 18 through 20, show that
the cost-effectiveness increases with increasing exchanger
caF~city, increasing RO module inlet pressure, and decreas-
ing concentration ratio.

5.10 Effect of Volumetric Flew Rate on Net Reduction
in Water Cost

Figure 22 shows the effect of volumetric flow rate
on the net reduction in unit water cost for the case of
electric energy at 2 C/Kw-hr, ~t=40 sec, F=ll percent.
This figure illustrates, in another way, that the results
improve with increasing volumetric flow rate,.increasing
RO module inlet pressure, and decreasing concentration
ratio. For the high pressure cases ~lere is a steep rise
in the Q=10 to 50 gpm range, and a more gradual rise beyond
Q=50 gpm. Thus the larger work exchangers are again seen
to be more cost-effective than the smaller ones.
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Figure 17. Effect of Valve Timing Interval on Net
Reduction in Cost of Water, for Indicated
Parameter Values
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Q = l0 gpm
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1500
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UNiT COST OF ELECTRIC ENERGY, ~, ¢/Kw~r

Figure 18. ~ Effect of Unit Cost of ~lectric Energy on
Net Reduction in Water C~st for Indicated
Par~er Values
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Figure 20. Effect of Unit Cost of Electric Energy
on Net Reduction in Water Cost for
Indicated Parameter Values
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5.11 Effect of Fixed Charge Rate on Net Reduction
in Water Cost

The annualized capital cost increases as the fixed
oharge rate increases, thereby decreasing the net reduc-
tion in unit water cost. This is illustrated in Figure 23
for cases in which Q=100 gpm, ~t=40 sec, ~k = 2 C/Kw-hr,
and the nominal diameter is 2 in.

5.12 Capital Cost

The total capital cost associated with the incorpora-
tion of a work exchanger into an RO plant is the cost of
the exchanger equipment plus the differential cost for
pumping equipment plus the cost of installation. Table 13
gives selected computed values for the exchanger equipment
cost, the pumping equipment cost, and the total installed
cost. As computed, the exchanger cost is independent of
RO module inlet pressure and normal~ed salinity N, whereas

assumed to be carbon steel. Use of stainless steel would increase
the total capital cost by 20 to 50 percent.

The computed installed capital costs range from
$7900 for the i0 gpm, 500 psig, N=I0 case to $193,000 for
the i000 gpm, 1000 psig, N=5,case. The corresponding RO
product range, from Table 9, would be 0.12 MGD to 5.18 MGD.

5.13 Comparison with Energy Recovery by Hydraulic Turbine

Energy may be recovered from an RO brine stream by
the use of a hydraulic turbine driving either a pump or
an electric generator. Reference 1 indicates that the use
of a turbine-driven pump is economically preferable to the
use of a turbine-driven generator.

The hydraulic turb~ has an advantage over the work
exchanger in that the output from the turbine is shaft
power which can be applied directly to the RO high pressure
pump, so that there is no need for a booster pump. Thus on
a capital cost basis’the installed cost of a work exchanger
and revised pumping equipment may be compared with the in-
stalled cost of a hydraulic’ turbine plus governor.
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Figure 23.
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TABLE 13. CAPITAL COST VALUES

At = 40 seC

Pr=500 psig, N=I0 Pr=1500 psig, N=2
Nominal

Q Diameter Ce

Cp Cc Cp Cc Cp Cc
gpm in. i0005 i0005 10005 I0005 10005 10005 10005

Pr=1000 psig, N=S

i0 3/4 5.5 i.i 7.9 1.6 8.5 1.4 8.3

i00 2 11.7 8.2 23.9 12.3 28.8 10.7 26.9

i000 / 6 62.9 65.8 154.4 98.3 193.4 84.2 176.5

Ce = Exchanger Equipment Cost

C = Differential Cost for Pumping Equipment
P

Cc = 1.2(C e + Cp) = Total Installed Capital Cost



Reference 1 gives the following correlation for
Pelton turbines without governors:

$ = 10,300 (~ "398 (44)

where BHP is the brake horsepower and H is the head in
feet. Converting this correlation to parameters used in
this study gives

Ct = 415 (O Pd~-Pb)0" z98

= 415(Q ~ Pr-20) 0"398 $ (45)

where Ct is the 1969 capital cost for the turbine alone.

Using values given in Reference 1 the cost of a
governor may be estimated at about 20 percent of the tur-
bine cost. Allowing for escalation since 1969 would in~
crease the capital cost by about 50 percent. The installed
cost is estimated to be about 120 percent of the equip-
ment cost. These changes give

Ctg = (1.2)(1.5)(1.2) (415)(Q {0.9 0"398

= 896(Q {0.9 Pr-20)0" 398 (46)

~n~ is the 1974 installed cost of the turbine and

Using data from Table 13 and Equation 46 the in-
stalled capital costs for work exchangers and hydraulic
turbines are plotted in Figure 24 versus RO brine flow
rate. This comparison shows that work exchangers and
hydraulic turbines have approximately equivalent installed
capital costs for brine flow rates below i00 gpm. Above
i00 gpm the work exchangers are seen to be more expensive
than the hydraulic turbines. Because of uncertainties in both
the costs for the additional pumping equipment in the ex-
changer systems and ~e costs for hydraulic turbines, these
results are very approximate, of course, and the relative

p°siti°nsif a more accurate°f the curveScost ,analysisin FigUrewere24 coUldmade.Vary by ~20 percent
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6. CONCLUSIONS

The results of the parametric analysis show that
for the use of work exchangers to recover energy from RO
brine disoharges the break-even unit cost of electric
energy increases as the brine volumetric flow rate de-
creases, so that the most cost-effective applications are
those with high brine flow rates.

An approximate comparison of installed capital costs for
work exchangers versus hydraulic turbines shows that hydraulic
turbines are economically preferable for high brine flow rates
and that the installed capital costs are likely to be approxi-
mately equivalent for low brine flow rates.

The work exchanger results were obtained on the
assumption that the effect of mixing of brine and feed-
water in the exchanger tubes would be held at the optimum
value by a suitable feedback control of the valve timing
interval. Operation at this condition would probably be
difficult to attain in practice. This would not signi-
ficantly affect the installed capital cost. but would tend
to raise the break-even unit oost of electric energy.
Also the work exchanger costs are based on the use of carbon
steel tubing. The of stainless steel tubing would increase
the capital cost by 20 to 50 percent.

The evident conclusion is that direct-contact energy
recovery by the use of work exchangers is at best equivalent
in cost effectiveness to energy recovery by use of hydraulic
turbines for brine flow rates below i00 gpm, and is less cost-
effective for flow rates above 100 gpm. The present rela-
tionship between the cost of energy (electric or other) for
industrial use and the capital cost of equipment probably
precludes investments for energy recovery equipment of any
type in RO plants with brine flows below 100 gpm, with the
possible exception of high-pressure, low-concentration ratio,
seawater plants.

Even allowing for the approximate nature of the capital
cost computations, further R&U efforts on direct-contact work
exchangers for the RO application do not appear to be warranted.
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